We describe a scalable nanocavity array, with single quantum dots, for universal single-operation Nqubit quantum gate. A single two-level system controls the lineshapes, departing from optical-analog of electromagnetically-induced-transparency, with high fidelity and low photon loss.
Introduction and theoretical description:
Cavity quantum electrodynamics (QED) describes a small number of atoms strongly coupling to quantized electromagnetic fields through dipolar interactions inside an optical cavity. In the strongly coupled regime, quantum state mapping between atomic and optical states becomes possible, which has promising implications towards realization of chip-scale quantum information processing [1, 2] . Here we describe coherent interactions which includes N nanocavity-QD subsystems, with indirect coupling between adjacent cavities through a waveguide (Fig. 1) , and examine two/three-qubit single-operation quantum gate implementation [3] .
First, we investigate a subsystem in which a single nanocavity interacts with an isolated QD. Here for simplicity we suppose that only a single optical resonance mode h-polarized is present in the nanocavity, although two-mode cavity-QD interactions have been considered earlier [4] . Omitting the terms which concern the Langevin noises, we can easily obtain Heisenberg equations of motion [3] . Our scheme operates in the weak excitation limit (excited by a weak monochromatic field or a single photon pulse with frequency ω), so that the motion equations can be solved, with the transport relation ( )
[3]. We will next show the various interesting physical processes. Fig. 2a describes the transmission spectra of two coupled empty cavities with different detuning (δ 21 ≡ ω c,2 -ω c,1 ). When the two cavities are exactly resonant, a transmission dip is observed; with increasing δ 21 , a sharp peak exists at the center position between the two cavity modes. This is directly analogous to the phenomenon of EIT in atomic vapors, and examined exactly through ab initio 3D finite-difference time-domain (FDTD) numerical simulations. For a two-cavity system, the spectral character has also been studied, as optical analogy to electromagnetically induced transparency (EIT) in both theory [5] and experiment [6] .
Spectral character of N-coupled QD-cavity arrays:
In the presence of QDs, Fig. 3a (top) shows the spectral characteristics in which a single QD resonantly interacts with the first cavity, where we observe the Rabi splitting in the QD-cavity described through dressed mode theory. Both dressed modes non-resonantly couple with the second cavity mode, resulting in two EIT-like peaks located at frequencies ω ≈ ±Γ/4. Fig. 3a (bottom) illustrates the case where both cavities resonantly interact with a single QD each and Fig. 3b shows the spectral character of three coupled QD-cavity subsystems, under various cavity-cavity and QDcavity detunings that might be observed experimentally, involving Autler-Townes splittings and Fano interferences. Fig.  3c shows the transmission phase shift for various qubit detunings. We find that the phase shift has a steep change, which corresponds to a strong suppression of the flying-qubit group velocity. As shown in Fig. 3d , the delay time τ sto in this coupled system is almost hundreds of the cavity lifetime. This proposed coupled QD-cavity system can essentially be applied in storing quantum information of light, where although having shorter coherence times than atomic ion, the solid-state implementation has ~ 50 MHz achievable bandwidth. 
Quantum phase gate operation:
In constructing quantum logic system, we have stationary qubits represented by two ground states (QD spin-states [7]) g and r of QDs. As an example, we focus on how to unconditionally realize a stationary two-qubit (two QDs) phase gate for different initial QD states. Case I: The two QDs are initially prepared in 1 2 ( , , ) u v u v g r = and at least one QD occupies the ground state r . It is not difficult to find r 21 ≈ -1 and t 21 ≈ 0 under the over-coupling regime (κ 0 <<κ 1 ) and with large Purcell factor (g 2 /Γγ >>1). The input photon will be almost reflected by one empty cavity, in which the QD is in r , resulting in a final state
, where R denotes the reflected photon. Case II: The QDs is initially prepared in 1 2 g g . With the over-coupling lifetime and the large Purcell factor, we have r 21 ≈ 0 and t 21 ≈ 1, so that the photon pulse passes through the two cavities in turn via the waveguide, and the resulting state is
, where T describes the transmitted photon. Here note that the spatial mode of the output photon is actually entangled with the QD states. To construct the final gate operation, it is necessary to remove the distinguishability of the two photon spatial modes (transmitted and reflected). Here we introduce a reflecting element in the end of waveguide (such as a heterostructure interface, shown in the inset in Fig. 4a) , which makes the photon reflected and interacts with the coupled QD-cavity system again. With precisely adjusting the position of the element, the final state can be obtained as 1 2 g g R . Therefore, the QD-QD gate described by , can be manipulated.
Most importantly, this idea can also be easily extended to realize an N-qubit gate with also only one step. Note that only N coupled two-level QD-cavities are required to realize arbitrary unitary operation on a 2 N -dimensional state space of Nqubits, compared to (2 N -3) two-qubit controlled gates without auxiliary qubits, which is of importance for reducing the complexity of the physical realization of practical quantum computation and quantum algorithms. Figs. 4a and 4b demonstrate a high two-qubit phase gate fidelity F and a small photon losses P for different single-photon coupling rates g for a solid-state system, even under a non-ideal detuning condition and bad cavity limit. For a PbS nanocrystal and silicon nanocavity material system, the following relevant parameters are used: γ s ~ 2 MHz, γ p ~ 1 GHz at cooled temperatures, Q ~ 10 6 as reported experimentally, V ~ 0.1 μm 3 at 1550 nm, with resulting single-photon coherent coupling rate g ~ 30 GHz. Under various cavity-cavity detunings, both F and P have no significant degradation. Furthermore, even in the presence of the QD-cavity detuning that is comparable with the bare cavity linewidth, both F and P are kept almost unchanged. The on-resonance P is even larger than the non-resonance case when g is small, which can be explained by considering the decay of QDs.
N-qubit gate fidelity and photon loss:

Conclusion:
We have introduced and examined the coherent interaction of a two-qubit quantum phase gate in a realizable solid-state nanocavity QED system. Unique lineshapes indicate the interactions and fidelity and photon loss are kept within bounds in a realistic semiconductor material system for chip-scale quantum information storage and computation. The authors acknowledge funding support from DARPA, and the NYSTAR 6. References: [ a configuration of two-qubit gate operation in which a reflecting element (with 95% reflectivity) is introduced at the end of the QD-cavity subsystem. Here the carrier frequency is assumed as ϖ=2.5κ o to avoid the EIT-like peaks of two coupled empty cavities, and a scattering loss of 1% is used in the short propagation lengths at the slow group velocities. Other parameters are same as Fig. 2a .
